Abstract-Organochlorine pollutants (OCs), such as polychlorinated biphenyls (PCBs), DDT, chlordanes (CHLs), hexachlorobenzene (HCB) and hexachlorocyclohexanes (HCHs) were determined in blubber biopsies from free-ranging Baltic and Atlantic gray seal (Halichoerus grypus) pups. Well-fed pups from the Baltic Sea had concentrations of DDT, PCBs, and HCHs that were 2 to 10 times higher than in corresponding pups from populations in the Atlantic Ocean. The OC pattern in the Baltic seals differed significantly from that of their Atlantic relatives, reflecting the predominance of regional point source inputs into the Baltic Sea and long-range atmospheric inputs into the Atlantic Ocean. The differences in the pattern of the compounds also indicated an enhanced metabolism of the more metabolizable compounds in the more contaminated Baltic seals. Surprisingly, the proportions of the high chlorinated and low-volatile PCB congeners (Ͼ6 Cl atoms) were comparable or lower in the Baltic pups as compared to the Atlantic pups. This difference might be due to Baltic seals occupying a lower trophic level than Atlantic seals and/or to the eutrophication situation in the Baltic Sea, which causes sedimentation of these PCB congeners. Significantly higher OC concentrations were found in starved and/or abandoned Baltic pups as compared to well-fed pups. The most contaminated Baltic seal pups in the present study had PCB concentrations that are comparable or higher than those reported to impair the immune systems and vitamin A dynamics in phocids.
INTRODUCTION
Many organochlorines (OCs) biomagnify in the marine food chains, causing the body burdens to be high in marine top predators such as the gray seals (Halichoerus grypus) [1] . Gray seals have lipid-rich milk, which serves as the transfer medium through which OCs move from the mother to offspring [2] . Studies on humans and experimental animals suggest that the developing mammal is more vulnerable than the adult with respect to the harmful effects of OCs such as PCBs and DDTs. These effects include neurobiological and neurochemical effects, developmental reproductive effects, reduced brain and circulating thyroid hormone levels, lower birth weights, impaired immune functions, and increased prevalence to infections [3] [4] [5] [6] [7] [8] . Concerns have been raised regarding the possible developmental effects on phocid pups from highly contaminated waters given their sensitivity as young animals and constant exposure during lactation [9, 10] .
The gray seal pup assimilates most of the milk lipids into its blubber during the suckling period, which lasts for approximately two weeks, allowing its body mass to increase three-to fourfold [11] . The growth of the gray seal pup depends on the nutritional condition and output of milk energy of the mother. This is because adult gray seal females fast during lactation and utilize vast amounts of blubber to produce milk, losing on average more than 5 kg of body mass daily [11] . To a large extent, the OC concentrations in seals are related to the nutritional condition of the individual. Females with low blubber masses are likely to provide pups with less milk and milk with higher OC concentrations as compared to females of good condition (i.e., higher blubber masses). It is therefore likely that the health and nutritional status of seal pups are related to the condition of their mothers and also to the exposure levels of OCs in their mothers.
The less volatile compounds (e.g., DDTs and high-chlorinated PCBs) constitute relatively large proportions of the total OC load in animals living in waters close to where OCs are used and released (e.g., the Baltic Sea). In contrast, in waters remote from the release sites (e.g., the open Atlantic Ocean), the more volatile compounds (e.g., HCHs, HCB, and lowchlorinated PCBs) constitute relatively larger proportions of the total OC load [12] [13] [14] . Transformation and metabolism of OCs by the gray seals cause the contaminant pattern in the seals to differ both from the technical formulations originally released into the environment and from the pattern in their prey [15] . Within species or populations the rate of OC metabolism is generally enhanced in a concentration dependent manner by an increased induction of detoxifying enzymes with increasing contaminant loads [16] . The more metabolizable OCs thus are depleted at a higher rate in highly contaminated populations as compared to lightly contaminated populations [13, 15, 17] .
Due to industrial and agricultural spillage and surface runoff from applications and dumping sites, the Baltic Sea has a long record of being highly polluted with OCs [18] . This warrants the need for monitoring of OC concentrations and assessment of their possible risk on developing Baltic gray seal pups. Therefore, the primary aim of the present study was to investigate the burdens of OCs in pups from the Baltic Sea and to compare these burdens to burdens in pups from the relatively cleaner and open waters of the Northern Atlantic Ocean; consequently, samples were collected from the coasts of Estonia, Norway, and Canada. Our second aim was to investigate whether the OC pattern in the Baltic and Atlantic pups reflected different exposure. Our third aim was to study whether Baltic seals had an enhanced rate of OC metabolism as compared to the Atlantic seals. Our fourth aim was to determine if concentrations and pattern of OCs differed between well-fed pups and abandoned pups of poor nutritional condition.
MATERIAL AND METHODS

Study populations
Baltic gray seals normally breed and mate on drifting sea ice from late February to late March. However, in years of limited ice coverage, such as in 1998 when the present study was conducted, they congregate and breed on land on a few selected small islands. Two such major breeding sites in the Baltic proper are the small islands Innarahu (58Њ15ЈN, 22Њ20ЈE) and Allirahu (58Њ00ЈN, 20Њ30ЈE) off the coast of Saaremaa Island, Estonia. Allirahu is situated in the Bay of Riga, 8 km off the southern shoreline of Saaremaa Island. Twenty-one pups were sampled from an estimated number of 100 pups born at Allirahu in 1998. Innarahu is situated within the Vilsandi National Park, approximately 800 m off the western shoreline of Saaremaa Island. Nine pups were sampled from an estimated number of 200 pups born at Innarahu in 1998. In contrast to the Baltic gray seal, the East-Atlantic gray seals always breed on land. In Norway, the Froan Nature Reserve is one of the main breeding sites. The Froan Archipelago (64Њ10ЈN, 09Њ20ЈE) is situated approximately 30 km off the coast of mid-Norway and consists of several hundred small rock islands, islets, and skerries covering an area of 400 km 2 . The seals congregate at Froan during the breeding season in late September and October, and each year 300 to 400 pups are born within the Reserve [19] . In 1997, 12 pups were sampled for the present study. In contrast to the East-Atlantic gray seals, the West-Atlantic gray seals breed during January and February, both on land (e.g., Sable Island, Canada) and on sea ice (e.g., the Gulf of St. Lawrence, Canada). In the present study we used samples collected from 10 pups at Amet Island (45Њ47ЈN, 63Њ13ЈW), Gulf of St. Lawrence, during the 1995 breeding season. The data from the Canadian pups are also reported elsewhere [2] .
Animal handling and sampling
The seal pups were hand captured and weighed using a 100 kg (Ϯ0.5) Salter spring scale and aged based on their pelage stage [19] . Only pups older than stage 3 were sampled (Table  1) . A body mass larger than 30 kg was used as a criterion for classifying pups as being in good nutritional condition (e.g., well-fed). Four Baltic pups with body masses between 15.5 and 21.5 kg were classified as abandoned (or inadequately fed) pups. Blubber biopsy samples were taken from the dorsal side of all pups using a biopsy punch (6 or 8 mm). Samples were stored in biofreeze polyethylene vials (Ϫ20ЊC) until analyzed. The Estonian and Norwegian seals were handled in accordance with the principles and guidelines of the Norwegian Animal Research Authority and permission to conduct the studies was given by Norwegian and Estonian authorities. The Canadian seals were handled in accordance with the principles and guidelines of the Canadian Council for Animal Care (http:// www.ccac.ca/).
Analysis of OCs
Chemical analysis of chlorinated pesticides and PCBs was performed at the Laboratory for Environmental Toxicology at the Norwegian School of Veterinary Science, Oslo, Norway. The blubber biopsies were crudely homogenized in a petri dish using repeated cutting with a scalpel. The samples were weighed and combined with internal standards (PCB-29, -112, -207; Promochem, Wesel, Germany; Ultrascientific, North Kingstown, RI, USA). Samples were extracted twice with cyclohexane and acetone (3:2 proportion) using an ultrasonic homogenizer (4710 Series, Cole-Parmer Instruments, Chicago, IL, USA) (Power 500W, amplitude 40%, 50% duty circle, duration: First extraction, 2 min, second extraction, 1 min, mikrotip 0.7 cm) followed by centrifugation. The supernatant was evaporated to 1 ml using a Zymark evaporation system (Hopkinton, MA, USA). The extract cyclohexane was adjusted to the fixed volume of 10 ml. An aliquot of 4 ml of the extract was evaporated to dryness on a 50ЊC sand bath for determination of extractable lipids and the lipid content was determined gravimetrically. Cleanup (i.e., removal of lipids) was performed using ultraclean concentrated sulfuric acid, H 2 SO 4 (purity 98.8%; Scanpure, Chemscan AS, Elverum, Norway) according to methods described by Bernhoft and Skaare [20] .
The extracts were automatically injected (Fisons autosampler AS 800, Manchester, UK) on a high-resolution gas chromatograph (HRGC) (Carlo Erbo, Milan, Italy), equipped with a split/splitless injector and an electron capture an]) and SPB-1701 (poly [14% cyano propylphenyl/86% dimethylsiloxan]), both: 60 m, 0.25 mm ID, 0.25 m film (Supelco, Bellefonte, PA, USA) of different polarity and selectivity were used to obtain the desired chromatographic separation, both connected to a 1 m deactivation precolumn. Hydrogen (purity 5.0, Hydro Gas, Rjukan, Norway) was used as the carrier gas (linear velocity 40 cm/s) and 5% methane in argon (Hydro Gas) was the make-up gas at a flow of 30 ml min Ϫ1 . The splitless time was 2 min and the injection temperature was 270ЊC. The temperature program was as follows: 90ЊC (hold 2 min); 90-180ЊC (25ЊC min Ϫ1 ); 180ЊC (hold 2 min); 180-220ЊC (1.5ЊC min Ϫ1 ); 220ЊC (hold 2 min); 220-275ЊC (3ЊC min Ϫ1 ); 275ЊC (hold 2 min). Total run time was 70 min. The detector temperature was 310ЊC (detector base 270ЊC).
Chromatographic data were calculated using the software Maestro (Ver 4.2; Chrompack International, Middelburg, The Netherlands). Concentrations of the individual organochlorines were determined by comparison with corresponding components in the PCB standards (Promochem, Wesel, Germany, and Cambridge Isotope Laboratories, Woburn, MA, USA), and in pesticide standards (CPM) (Supelco 189, 194, 196, 199, 206, and 209) . Most of the detected OC compounds were quantified on the SPB-5 column. However, PCB-52, 101, 118, 156, 157, 170, cis-chlordane, and trans-nonachlor were quantified on the SPB-1701 column because of co-elution with other compounds or interference with ghost peaks (unknown components) on the SPB-5 column. Dieldrin, aldrin, endrin, and heptachlor epoxide and heptachlor are destroyed by sulfuric acid and, therefore, were not detectable in the extracts.
Analytical quality
Quality assurance during analysis in this study included three-to four-point linear calibration curves of the analyzed standard solutions used to detect and quantify compound levels in the sample extracts. Detection limits varied among chemicals and ranged from 3 to 12 ng g Ϫ1 lipid in the Estonian and Norwegian samples and from 0.5 to 2 ng g Ϫ1 lipid in the Canadian samples [2] . Quantification limits were set to three times the detection limits and nonquantified components were assigned a value of zero. The internal standards PCB 29, 112, and 207 were used to detect and correct changes in compound concentrations during the chemical preparation and injection of the extracts into the gas chromatograph and during the gas chromatograph run. One blank sample consisting of solvents was analyzed for every batch of 12 to 24 samples analyzed. Recovery from samples of pig blubber spiked with OC standard solutions was also analyzed following each sample series. Mean percent recovery and coefficient of variance of the individual pesticides and PCB congeners in the spiked pig blubber samples (n ϭ 8) varied from 93 to 107% and from 2 to 14%, respectively. Standard solutions were run every 10th sample during the gas chromatograph analysis to detect any drift in the responses of the analysis. The blanks and drift were found to be within acceptable ranges. Reproducibility and repeatability were continuously tested by analyzing the sum concentrations of PCB 118, 153, and p,pЈ-DDE in the laboratory's own reference sample (seal blubber). The mean percent of the true value and its coefficient of variance was 88% and 2%, respectively (n ϭ 4). The analytical quality of the laboratory is certified by the participation in international intercalibration tests, including the four steps of the International Council for Exploration of the Sea/International Oceanographic Commission/Oslo-Paris Commission on PCBs in marine mammals. The laboratory was accredited April 11, 1996 , by the Norwegian Accreditation as a testing laboratory according to the requirements of the Nova Scotia Environmental Network 45001 and the International Organization for Standardization/ International Electrotechnical Commission Guide 25 [21] .
Statistical analysis
Statistical analysis was conducted using SPSS statistical software (Version 10 for Windows, SPSS, Chicago, IL, USA). Concentrations were log 10 -transformed prior to the statistical analysis to achieve normality. Principal component analysis (PCA) was used to study intercorrelations between the concentrations of the different OCs within the respective population. Linear regression analysis was performed to reveal relationships between the individual compounds and principal components. Principal component analysis was also used to examine the differences in OC and PCB pattern among Baltic and Atlantic sample sets. Data of the individual OCs and PCBs were normalized to relative contributions to total OC and PCB loads, respectively, to describe pattern rather than concentrations in this PCA. Differences in variables between Baltic, Norwegian, and Canadian pups were tested using one-way analysis of variance (ANOVA) and the post hoc Tukey honestly significant difference test (Tukey HSD test) for unequal samples sizes. Student's t test was used in cases where only two populations were compared. Comparisons of mean concentrations of pollutants between well-fed and abandoned pups from the Baltic Sea were tested using the Mann-Whitney U test. The level of significance was defined as p Յ 0.05.
RESULTS
Concentrations of OCs in Baltic and Atlantic gray seal pups
The following compounds were detected in some of the Norwegian pups but below the quantification limits: ␣-HCH, PCB 105, 156, 157, 194, 196 . Concentrations of ⌺PCBs were about 4 times higher in the well-fed pups from the Baltic Sea than in corresponding pups from Norwegian and Canadian waters ( Table 1 ). All PCB congeners except for the tetrachlorobiphenyls were higher in the Baltic pups than in pups from the Atlantic Ocean (Table 1) . Concentrations of ⌺DDTs in the well-fed Baltic pups were 2 to 4 times higher, respectively, than in corresponding pups from Canadian and Norwegian waters ( Table 1) . Concentrations of sum chlordanes (⌺CHLs) were comparable between the populations of well-fed gray seal pups ( Table 1 ). The Canadian pups had lower HCB concentrations as compared to pups from Norwegian and Baltic waters (Table 1) . Concerning the HCHs, ␤-HCH was only quantified in the Baltic pups. In all populations, ⌺PCBs and ⌺DDTs followed by ⌺CHLs were the most prevalent groups of the contaminants. Furthermore, PCB 153 and 138 followed by 99 and 180 were the most prevalent PCB congeners. Concerning the pesticides, p,pЈ-DDE was the most prevalent DDT, and oxychlordane and trans-nonachlor were the most prevalent chlordanes ( Table 1) . Two of the well-fed pups (B13 and B53) from the Baltic Sea had high concentrations of ⌺PCBs (ϳ25.000 ng g Ϫ1 lipid), ⌺DDTs (ϳ10.000 ng g Ϫ1 lipid), and ⌺CHLs (ϳ1.700 ng g Ϫ1 lipid) as compared to the remaining well-fed pups from the Baltic Sea (⌺PCBs Յ
. Pup B53 also had a high concentration of HCB (ϳ700 ng g Ϫ1 lipid) as compared to other well-fed pups from the Baltic Sea (HCB Յ 258 ng g Ϫ1 lipid). Concentrations of several OCs were significantly higher in the abandoned pups from the Baltic Sea than in well-fed pups from the same waters (Table  1) .
Intercorrelations of OC concentration in Baltic, Norwegian, and Canadian gray seal pups
Intercorrelations among concentrations of the different OCs within the populations of seals from Baltic, Norwegian, and Canadian waters were explored using principal components (Fig. 1A to C) . Only OCs that were quantified in all samples of the respective sample sets were included in the analyses. In all populations, most OC vectors extended toward the circumference of the circle of the first and second principal. In the Baltic and Norwegian pups, the majority of the OC vectors, particularly those of the more prevalent compounds, were highly intercorrelated to one another, clustering positively with PC1. The first principal (PC1) explained more than 73% of the variance in the Baltic and Norwegian pups (Fig. 1A and  B) . Therefore, in the Estonian and Norwegian pups, ⌺PCBs, ⌺DDTs, and ⌺CHLs were highly correlated with PC1 (all, r 2 Ͼ 0.86, p Ͻ 0.0001) and to one another (all, r 2 Ͼ 0.91, p Ͻ 0.0001) (Fig. 1A and B) . In the Canadian pups, PC1 explained 59% of the variance (Fig. 1C) , indicating weaker intercorrelations between the different OCs in these pups. However, in the Canadian pups ⌺PCBs, ⌺DDTs, and ⌺CHLs also correlated with PC1 (all, r 2 Ͼ 0.49, p Ͻ 0.031) and to one another (all, r 2 Ͼ 0.70, p Ͻ 0.0002) (Fig. 1C) .
Spatial variation in PCB and POP pattern in gray seal pups
The difference in PCB pattern between Baltic (i.e., Estonian) and Atlantic (i.e., Norwegian and Canadian) gray seal pups is presented in Figure 2A and B. Fourteen PCB congeners were included in the analysis. The two first principals explained 63% of the variance (Fig. 2A) . The PC1 scores were significantly lower in the Baltic pups as compared to pups from Norway and Canada (ANOVA, p Ͻ 0.0001, Tukey HSD test, all p Ͻ 0.0001) (Fig. 2B) . The PC1 scores did not differ between Norwegian and Canadian pups (Tukey HSD test, p ϭ 0.782) (Fig. 2B) . The second principal (PC2) scores did not differ between any of the populations (ANOVA, p ϭ 0.072, Tukey HSD test, all p Ͼ 0.063) (Fig. 2B) . The difference in PCB pattern between Baltic and Atlantic pups was primarily due to lower proportions of PCB 47, 52, 101, 118 (Tukey HSD test, all p Ͻ 0.007) and higher proportions of PCB 153 and 138 (Tukey HSD-test, all p Ͻ 0.0001) in the pups from the Baltic Sea ( Fig. 2A and B) . Baltic pups with low ⌺PCB concentrations (Ͻ5,000 ng g Ϫ1 lipid) had higher PC1 scores (Student's t test, p ϭ 0.011) than pups from the same waters with high ⌺PCBs concentrations (Ͼ5,000 ng g Ϫ1 lipid) (Fig. 2B) . Figure 2B and Figure 2D show the scores of the pups from the Baltic Sea expressing concentrations of ⌺PCBs Ͻ5,000 ng g Ϫ1 lipid. See Figure 1 for definition of acronyms.
Organochlorine pollutants in gray seal pups Environ. Toxicol. Chem. 22, 2003 2795 Nineteen PCB congeners were quantified in both Baltic and Canadian pups, whereas only 14 congeners were quantified in the Norwegian pups (Table 1) . Thus, to obtain a more comprehensive comparison of PCB patterns in Baltic and Atlantic pups, we compared the data from Baltic and Canadian pups in more detail (Fig. 2C and D) . The first two principals explained 70% of the variance (Fig. 2C) A third analysis was conducted to study the variation in the pattern of all OCs in the three populations ( Fig. 2E and  F) . The two first principals explained 58% of the variance (Fig.  2E) . The PC1 scores differed significantly between all populations (ANOVA, p Ͻ 0.0001, Tukey HSD test, all p Ͻ 0.0001). The PC2 scores did not differ between any of the populations (ANOVA, p ϭ 0.89, Tukey HSD test, all p Ͼ 0.88). The differences in OC pattern between the Baltic and Atlantic pups were primarily due to the higher proportions of PCB 128, 138, 153, and p,pЈ-DDD and lower proportions of oxychlordane, trans-nonachlor, cis-chlordane, p,pЈ-DDT, and PCB 52 in the Baltic pups as compared to Norwegian and Canadian pups (Tukey HSD test, all p Ͻ 0.0001).
In all three PCA analyses mentioned previously, the scores of the four abandoned and inadequately fed pups (B43, B47, B51, and B52) from the Baltic Sea clustered among the scores of the more PCB-contaminated, well-fed pups (⌺PCBs Ͼ 5,000 ng g Ϫ1 lipid) from the same waters. The principal component scores of one of the most contaminated well-fed pups from the Baltic Sea (B13) diverged from the scores of the remaining well-fed pups from the Baltic Sea by exhibiting higher proportions of PCB 170, 180, 183, and 187 ( Fig. 2A to F) .
DISCUSSION
Spatial trends in concentrations of OCs in gray seals
The concentrations of ⌺PCBs in the Norwegian and Canadian pups herein were highly comparable to concentrations reported in gray seals from Isle of May, United Kingdom, and Sable Island, Canada (Table 2) . This indicates a similar exposure to PCBs in the different populations from the Atlantic Ocean, and that this exposure is about 4 times lower than the exposure of the Baltic gray seals ( Table 2 ). The concentrations of ⌺DDTs in the Canadian pups herein were comparable to those reported in pups from Sable Island, which is in accordance with the gray seals breeding in the Gulf of St. Lawrence that have the same distribution and seasonal movements as the seals breeding at Sable Island [22] . The high pollutant loads in the Baltic pups are consistent with the long record of high concentrations of OCs in the marine biota of the Baltic Sea relative to the Atlantic Ocean. This has been clearly shown for herring (Glupea harengus), where Baltic specimens have been reported to have 4 and 14 times higher ⌺PCB and ⌺DDT concentrations, respectively, compared to herring from the open waters of the northeastern Atlantic Ocean [23] . Furthermore, ␤-HCH concentrations in the Baltic herring were reported to be 10 times higher than in Atlantic herring [23] . Likewise, harbor porpoises from the Baltic Sea (Phocoena phocoena) have been reported to have 3 times higher ⌺PCBs concentration and more than 10 times higher ⌺DDTs concentrations than harbor porpoises from the west coast of Norway [24] .
The p,pЈ-DDD isomer has been reported to constitute a high proportion of ⌺DDTs (30-50%) in Baltic herring and cod (Gadus morhua) [25, 26] , both prey species of the Baltic gray seal. This is a much higher proportion than reported in the Baltic gray seal pups (ϳ4-6%) ( Table 1 ) and indicates that p,pЈ-DDD is relatively metabolizable in the gray seal. The higher concentrations of ⌺DDTs reported in the Baltic porpoises may be due to their limited ability to metabolize DDTs, which will result in a DDT pattern similar to their diet [27] . In Baltic herring, cis-chlordane constitutes a greater proportion of ⌺CHLs than both trans-nonachlor and oxychlordane [28] , which is in contrast to the negligible proportion (4-5%) of cis-chlordane to ⌺CHLs in the gray seals (Table 1 ). This indicates that the gray seals have a larger capacity to metabolize cis-chlordane than trans-nonachlor and oxychlordane. The comparable concentrations of ⌺CHLs in the Baltic and Atlantic gray seal pups (Table 2) implies that there are no differences in regional discharges of technical chlordane into the two ecosystems. This is in accordance with the nonuse of technical chlordane in Northern Europe, including the countries surrounding the Baltic Sea [28] .
The higher ␤-HCH concentration in the Baltic pups may relate to recent use of technical HCH as an insecticide in regions close to the Baltic Sea (i.e., in the former USSR and Poland) [29] . Technical HCH contains high proportions of ␤-HCH and this isomer is characterized by being less volatile as compared to ␣-HCH and ␥-HCH [30] . Therefore, the high concentrations in Baltic seals imply that input of ␤-HCH into the Baltic Sea must be attributed to a local source. The biologically active insecticide among the HCHs is ␥-HCH (Lindane), which is the only isomer used in the Western Europe and United States [29] . The presence of ␣-HCH in the Atlantic pups relates to the increasing transformation of ␥-HCH to ␣-HCH with increasing distance from the source of Lindane application, resulting in ␣-HCH as the most prevalent isomer distributed in the air, water, and biota samples worldwide [30] .
The concentrations of most OCs in the gray seal pups are lower than reported in adult and/or lactating females of the respective populations (Table 2 ). This is related to the inefficient lactational transfer of most OCs in the gray seals [2] . In the gray seal, the lactational transfer of HCB and HCHs are 10 times greater than for the high-chlorinated PCB congeners (7-10 Cl atoms), whereas the transfer of DDTs, chlordanes, and tetra-to hexachlorobiphenyls are in between these two extremes [2] (Table 2) . The qualitative and quantitative information of the lactational transfer of OCs in lactating gray seal mother-pup pairs described by Sørmo et al. [2] allowed us to estimate the OC concentrations of the mother seals of the well-fed Baltic pups ( Table 2 ). The estimated concentrations of ⌺PCB and ⌺DDT of the mothers of the Estonian pups were similar to those recently determined in Baltic gray seal females from the Gulf of Bothnia, Finland [31] (Table 2) .
Intercorrelations of OCs
Intercorrelations of organochlorines in a PCA are assumed to reflect compounds with structural similarity and toxicokinetics, and persistent and bioaccumulating compounds cluster in a different vector orientation as compared to the metabolizable and less biomagnifying compounds [15] . Enzymatic degradation of OCs may occur in the female and possibly, to Environ. Toxicol. Chem. 22, 2003 E.G. Sørmo et al. Present study Present study [31] Norwegian Sea Froan 97 a Median values presented due to lack of normal distribution caused by two pups with very high concentrations (see Table 1 ). ) and ␣-HCH (ϳ90 ng g Ϫ1 lipid) in Baltic herring [28] were higher than or similar to those reported in the Baltic seals herein. This demonstrates the low bioaccumulating potential of these two compounds in the gray seal, which may explain the different vector orientation of these compounds relative to more persistent pesticides (e.g., p,pЈ-DDE, p,pЈ-DDT, trans-nonachlor and oxychlordane) in the Baltic pups (Fig. 1A) . Concerning the PCBs, the following quantified congeners in the Baltic sample have a chlorine substitution pattern that has been classified as highly resistant against enzymatic biotransformation in phocids [15, 32] ; PCB 99, 128, 138, 153, 170, 180, 183, 187, and 196 . In general, these congeners intercorrelated more strongly with the persistent pesticides (e.g., p,pЈ-DDE, oxychlordane, and trans-nonachlor) than with the metabolizable pesticides (e.g., p,pЈ-DDD, HCB, ␣-HCH, cischlordane) (Fig. 1A) .
The interpretation of the vector orientation in the Norwegian and Canadian samples is less clear-cut (Fig. 1B and C) , possibly because enzymatic breakdown could be weaker in the less contaminated Atlantic seals. Substantially higher 7-ethoxyresorufin-O-deethylase and pentoxyresorufin-O-dealkylase liver activities have been reported in the Baltic gray seals as compared to in the Atlantic gray seals [16] . Variation in OC concentrations and pattern in prey species may also influence the contaminant intercorrelations in the predator population.
Spatial variation in PCB and OC pattern
The biopsies taken from the Norwegian pups were smaller (ϳ0.1-0.4 g) than the biopsies taken from the Canadian pups (ϳ0.7-0.8g) ( Table 1) , implicating the higher detection and quantification limits in the Norwegian pups. Therefore, fewer PCB congeners were quantifiable in the Norwegian pups, making it impossible to compare the concentrations and proportions of PCB 105, 156, 157, 194, and 196 to those of the Canadian pups. However, we conclude that there are few, if any, differences with respect to PCB pattern between Norwegian and Canadian gray seals. The PCB pattern of the Baltic seals, however, differed from that of Norwegian and Canadian seals (Fig. 3A to D) . There are several possible explanations for such observations. First, the use of different commercial PCB mixtures in different regions could explain this geographic variation. Second, higher proportions of less chlorinated congeners (e.g., PCB 47, 52, 74) in the Atlantic pups fit with the prediction that the more volatile congeners contribute more to the ⌺PCBs in remote locations than in locations close to where PCB is released [14] . Third, the higher proportions of the persistent congeners (e.g., PCB 138, 153, 128) and the lower proportions of the more metabolizable congeners (e.g., PCB 105, 118, 101) in the Baltic pups are in accordance with prediction of a concentration-dependent PCB metabolism in the gray seals [15] . The higher proportions of the metabolizable congeners and lower proportions of PCB 153 and 138 in the less PCB contaminated Baltic pups (⌺PCBs Ͻ 5,000 ng g Ϫ1 lipid) than in more contaminated Baltic pups (⌺PCBs Ͼ 5,000 ng g Ϫ1 lipid) are also in accordance with this prediction ( Fig.  2A to D) . Surprisingly, the less volatile and persistent heptachlorobiphenyls (e.g., PCB 170, 180, 183, 187) constituted comparable or higher proportions in the Atlantic pups than in the Baltic pups. Furthermore, the octachlorobiphenyls (e.g., PCB 194 and 196) also contributed in greater proportions in the Atlantic pups than in the Baltic pups ( Fig. 2A to D) . These results do not fit with the prediction that marine biota close to the primary source of PCB contamination have higher proportions of the less volatile and more persistent congeners [12] [13] [14] . A possible explanation for this could be the substantial eutrophication of the Baltic Sea [18] . Rather than dissolving into the water column, the most hydrophobic POPs (e.g., highchlorinated PCBs) tend to associate themselves with nutrients and solid particles in the water column of eutrophicated water, resulting in a high sedimentation of these compounds into the seabed. When particle-bound, these compounds may be less available for bioconcentrating in pelagic aquatic organisms. Thus, the Baltic gray seals that predominantly prey on herring [33] [34] [35] , which again feed on pelagic zooplankton [35] , will be exposed to relatively low concentrations of the high-chlorinated PCBs. In contrast, the diet of the Atlantic gray seals include both pelagic feeding (e.g., sandeels, herring, and capelin), predatory and/or bottom-dwelling fish species (e.g., gadids, flatfishes, and sculpins) [36] [37] [38] [39] [40] . This could account for the higher proportions of the high-chlorinated congeners in the Atlantic seals compared to Baltic seals.
In the present study we found that the OC pattern of the Baltic seals differed from that of Atlantic seals. The lower proportions of HCB and chlordanes in the Baltic pups ( Fig.  2E and F) are in accordance with the assumptions of a uniform atmospheric distribution and deposition of these pollutants in the Northern Hemisphere [30] . In eutrophicated water, DDT is rapidly broken down to its metabolites, and the relatively high amount of p,pЈ-DDD in the Baltic seals thus probably reflects the eutrophication status of the Baltic Sea [18, 26] . The OC pattern also differed between the two Atlantic populations primarily due to higher proportions of p,pЈ-DDE in the Canadian pups as compared to the Norwegian pups ( Fig. 2E and F, Table 2 ).
Two well-fed Baltic pups had very high contaminant loads (B13 and B53). One explanation for these high concentrations could be that their mothers have a history of foraging on particularly high-contaminated prey or at hot-spot locations. It is also possible that the mothers of these pups were of poor nutritional condition and, thus, OC concentrations in their blubber were high. Furthermore, it is also possible that they have not been breeding for some years and, therefore, have accumulated high contaminant loads due to lack of excretion of OCs via the milk. The diverging PCB pattern of pup B13 in relation to the other Baltic pups ( Fig. 2A to D) is in accordance with the prediction of increased relative accumulation of the more persistent organochlorines with increasing loads. Hence, as compared to the average well-fed pup from the Baltic Sea, PCB 105 (26 ng g Ϫ1 lipid) and 118 (155 ng g Ϫ1 lipid) in B13 were found in only marginally higher concentrations, while the more persistent congeners PCB 153 (11,050 ng g Ϫ1 lipid), 170 (1,260 ng g Ϫ1 ), 180 (2,840 ng g Ϫ1 ), and 196 (123 ng g Ϫ1 ) were found to be 5 to 6 times higher in B13 (Table 1) . Likewise, HCB (39 ng g Ϫ1 ), ␣-HCH (34 ng g Ϫ1 ), ␤-HCH (126 ng g Ϫ1 ), cis-chlordane (21 ng g Ϫ1 ), and p,pЈ-DDD (163 ng g Ϫ1 ) in B13 were also found in slightly higher concentrations, while the concentrations of p,pЈ-DDE (8,501 ng g
Ϫ1
) and oxychlordane (778 ng g Ϫ1 ) were 4 to 5 times higher in B13.
Abandoned pups
In the abandoned pups, the concentrations of several of the OCs were about twofold higher than in the well-fed pups from the same waters (Table 1) . This was particularly the case for the more persistent compounds (e.g., PCB 99, 138, 153, p,pЈ-DDE) (Table 1) . This, again, is in accordance with the higher rates of enzymatic degradation with increasing contaminant concentrations. It also is known that starvation leads to an increase in the OC concentrations in maternal blubber and milk. Therefore, it is possible that the high OC levels in the abandoned pups are a result of starved mothers nursing them. Additionally, the starvation process in the pup itself will lead to depletion of its lipid stores, and thus an increased concentration of persistent OCs in its remaining lipid stores.
Potentially harmful effects
The potentially harmful effects of the contaminant loads of Baltic fish on phocids have been demonstrated in a semi-captive study where subadult harbor seals were fed Baltic herring [17] . Impaired immune functions and reduced circulatory vitamin A levels were reported in these seals as compared to seals fed herring from the open waters of the North Atlantic [17, 41] . The concentrations of ⌺PCBs and ⌺DDTs in the wellfed Baltic pups were one half and one third, respectively, of that reported in the highly exposed harbor seal group in which effects were documented [17] . The concentrations of ⌺PCBs and ⌺DDTs in the abandoned Baltic pups were comparable to those that were reported to cause effects in harbor seals [17] . It is also noteworthy that the two most contaminated well-fed Baltic gray seal pups (B13 and B53) had concentrations of ⌺PCBs and ⌺DDTs that were twofold higher than the affected harbor seals [17] . The concentrations of ⌺PCBs in these two pups were also similar to concentrations that have been reported to disturb the vitamin A dynamics in free-ranging and newly weaned harbor seal pups [42] . In situ studies aiming to monitor potentially harmful effects of OCs on gray seal pups have until now been limited to studies of British pups with PCB burdens similar to those reported in Norwegian and Canadian pups (Table 2) . No effects of PCB on hematological and biochemical parameters and plasma thyroid levels were reported in these particular studies [9, 10] . Likewise, no relationship was found between the prevalence of infections, as a sign of immunosuppression, and the cumulative lactational dose of PCBs in gray seal pups from British water [9] . However, the higher concentrations of OCs in the Baltic gray seal pups reported herein warrant the need for assessing the risk of the Baltic gray seal pup.
In summary, higher PCB, DDT, and HCH concentrations were found in the Baltic pups as compared to Norwegian and Canadian pups. The OC pattern differed significantly among the three populations, reflecting differences in their proximity to areas of OC use, rate of metabolism, and prey availability or preferences. Abandoned and/or inadequately fed pups had higher OC concentrations as compared to well-fed pups. The OC concentrations in the most contaminated pups herein exceeded the concentrations associated with effects on the vitamin A and immune systems of phocids.
